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gate electrode is a trench gate, and in such cases the shield
electrode too is preferably vertically extended.

16 Claims, 23 Drawing Sheets

Drain

Shield 2

711

160 ~

N 708

P substrate

Substrate



U.S. Patent

£ s
B A SE 5
7 7,

I\

i 0
i -]
—

N\

&
.

N\

/////////////////

B A Q

D i

$— 5“(\]
So OO
o S g8 S
=

7//%

Trench 140 Filled wél dielectric material

and includes permane

US 9,385,227 B2

nt positive charge

sly proposed lateral power FET structure

1(a): Top view of previou

Figure



US 9,385,227 B2

Sheet 2 of 23

Jul. §5,2016

U.S. Patent

V'V 3UO[e uonoas sso1d y :(q)[ I3

UoI11dauuod a1enisqns

A Y

AISGNg - J

ST N
+ﬁ W

moﬁ

/NE

0€1 den 011 01



US 9,385,227 B2

Sheet 3 of 23

Jul. §5,2016

U.S. Patent

931BYD
aAanisod judsueuad
sapnjoul pue

q¢g 3uole uonoas :(9)[ a3y

UoI1139uu0d a1ensqns

[eLIO)RW

A Y

OLIOI[AIP PIM

PaItd O YSUaLL
/

AVSGNS - J

B \\
w\ \\g\x i

JleH) ooEom



U.S. Patent Jul. 5, 2016 Sheet 4 of 23 US 9,385,227 B2

m <F2§§
| z Y
-
: Haas .
= S Al i o = PRy
/ iy / :
= ad < %N =



US 9,385,227 B2

Sheet 5 of 23

Jul. §5,2016

U.S. Patent

‘(8)] 2In31 JO g SuO[B UOIIAS SSOID :JUWIPOqUID JAouy :(q)g 2In3rg

arensqng

_
A R R N

AVSGNS - J

251 ll/\\

444444 o
”ﬁ%t —— 091

::
::
L

0ST — 1 oE e
000000000 91
\ o NS
\\\
A
mo I cel 01
urel(q 918D [OUdLL [ 921n0S
Ol1



US 9,385,227 B2

Sheet 6 of 23

Jul. §5,2016

U.S. Patent

sarmonns [ 4SO Jomod [e1aie] 03 jJudwaaosdwr 159mau Jo mata doj :(e)¢ arndig

o

F B K, ]
paesciee

i

o

<— 201

5,
5%
i

\“‘“‘
0;0;0;0;0;0
SRR
L

s

e

SR

e

R,
s
bl
W
0
0
L0505
50
050

ST
A
S
e
S
s
s
9
S
55
S

e
&
o
T
el
o
G
ool
ool
el
S50
o

A

i

A

4 011

€0l —

P
T
B atyty
S
TN,
25
Bty
Piatety!
Etety!
Etety!
FagEe e
Stately

255

R

et I Iatetetatate!
< R s
R |-+L| i v’.”.‘.‘ ’ ’.”.” .”.’*‘.

o] fenesasates

Stei I ettty

octe] Sy

207 ootd] S

01 boosonl [

S Poosed] st

0¢Cl1 > Pocses] s

o
$5is
el
Z
%
%
5
5
%
55

-
2
byt
S
7
2525
ol
&5
S
e

{0
{0
{55
\‘t

9;0; o

S

L
Tt
It
e
o

b,
e
e

R

S,

el itatilele
VST
preitetatel
S
tttate
SSsS

T
Fatats!

B
Y

.
it
<




US 9,385,227 B2

Sheet 7 of 23

Jul. §5,2016

U.S. Patent

V'V 3UO[& UuoI1}093s $soI1d y :(q)¢ 2In3iq

a1e1ISqNS

A Y

AVAISGNS -J

" \ﬁ § \ s -

R

\ﬁ 011 01
€01 e Ol 90IN0S

ureld plorys - AeH



US 9,385,227 B2

Sheet 8 of 23

Jul. §5,2016

U.S. Patent

g€ 3uo[k UOI]I3S SSOID {UOISIAA JAYIouy :(d)¢ 2In3I

arensqng

_
A R R N

awsqng -J

B

sS1— N

pogg | !

/
o] —Fa . %+ d 91
7 / (RAR e

ov1
€01 e oer | <Ol

22INn0
ureI plorys  e1en S
011




US 9,385,227 B2

Sheet 9 of 23

Jul. §5,2016

U.S. Patent

[BIOW 32IN0S JuIsn J9AR] PIAIYS : In3I|

21eNsqnNg

R Y

awsqng - 4

s1— TN 4 \|\o£
8 607 POTd
0ST —fru \ v U/ 91
298y \\
\ o .A.&.“/
/ \Q\\ A// 011
€01 »
urel
B :m o 20p
EoEm d0IN0S



U.S. Patent Jul. 5, 2016 Sheet 10 of 23 US 9,385,227 B2

2 = ) :

5—9 : Z E
Z

>

%— § %—%%
- :
57— :

m <

162
Source
102



US 9,385,227 B2

Sheet 11 of 23

Jul. §5,2016

U.S. Patent

V'V SUO[B UOI93s $S010 Y :(()S 2131

21eNSqNS

A Y

awsqns - J

—+— 091

L 011
RN

0t 01
urei(q ppryg PO 9omog

051 M§...




US 9,385,227 B2

Sheet 12 of 23

Jul. §5,2016

U.S. Patent

youauy 9183 B uisn g¢g 3uoje uo13das ssor) :(9)§ aungig

ST —

0S1

91818qNS

A

WNSGNG

-d

o

AT

AN

w5050
et
4535
2o
<
e

&

&

e
3505
&
355
e

I\ %
ot ¢w“w¢ﬂ¢¢¢o¢$
Patelel \ S
5 s
e \ o
] \ 250505
T s
W e
e \ bty
EoA wow\ﬂowoﬂo
LT RS
727
el
45
oD




US 9,385,227 B2

Sheet 13 of 23

Jul. §5,2016

U.S. Patent

I9A®] dokJIns-u Surzijnn ng (q)S 01 JB[IWIS ITAIP B JO UOIIIS SSOII JAIIBUII)[E JAYIOUY :Q dINGI]

21eNsSqNS

R R Y

awsqns - J

¢Sl —T— Q0T
N // d

0ST—HU 90BLINS-U
S o oy

R ]

119 0¢l 201

LUl 0 PPMUS o  201n0S

urel(]



US 9,385,227 B2

Sheet 14 of 23

Jul. §5,2016

U.S. Patent

. (e), ‘o|4
Q)L ‘oId4
mewn :w
olelisgng _

alelisqns d
ajelisgns d

80L ! %0 \ 091
0ST o
7 90BLNS d \NS
3oepns 7
§ H n_ 0S1 §\
v | 1L sjeny | eomnog
_mS 82In0g €01 0¢1 81D
uielg PIPIS el PIPIYS oLl




US 9,385,227 B2

Sheet 15 of 23

Jul. §5,2016

U.S. Patent

(b)2 ©I4

alelsqnsg

(9), "oId

ajensqng

sjelsqns d

0S1

81 N

L
( paling d

N
90elns d

\\N\ S

L ]

]

.\ﬂa&m&m
A A

_MS
ureiq

I1L
PIPIYS

011

22In0g

8jensqans d

81

| 091

N

91

_8_
ureiq

_= T

80BlNS d

A

[
N,

IIL
PISIUS




US 9,385,227 B2

Sheet 16 of 23

Jul. 53 2016

U.S. Patent

(®)L "OI4

ajeljsqns

sjessqns d

0s1—"|

oT7 0SL

uelq PIPHIS

_m: e

—— (091

L 291




US 9,385,227 B2

Sheet 17 of 23

Jul. §5,2016

U.S. Patent

(8)¢ 21n31{ JO YV SUO[B UOIIJS SSOIO dANBUIdIE UY : (B)] aIn3d1q

arensqng

A R

AVIISGNS - J

1N\ T o
U poLng N 4 D 7
0S ﬁ\%A\\%\\\\\\\\\\\\\\ ““““ _
| 078 Ew%m o<1 oemww



US 9,385,227 B2

Sheet 18 of 23

Jul. §5,2016

U.S. Patent

(8)S 2In31, JO YV SUO[B UOI}IIS SSOID dAIBUId)E UY : ()] aIn3d1q

arensqng

A R

AVYSGNS - J

¢Sl —T% 71— 091

791

OST—T1

\ \\\ &&&&&0«1
00000000000
00000000

_ 01
urel(]

1201
ploIYS  9en 92IN0S
011



US 9,385,227 B2

Sheet 19 of 23

Jul. §5,2016

U.S. Patent

(q)6 9oId4

a1e/)sqng

olelisgns

(e)6 "OId4

o)elsgnsg

-

NN\\\\\\\\\\\\\\\\\\\//

906 ajelsgns

_mS

116 0€1 91D | 9
PIPHYS 011



US 9,385,227 B2

Sheet 20 of 23

Jul. §5,2016

U.S. Patent

(2)6 ‘OI4
ajelisgng

ST — 1 091

OW~I+C +u 791
&




US 9,385,227 B2

Sheet 21 of 23

Jul. §5,2016

U.S. Patent

UOISIdA [OS JoyIouy (] 231

arensqng
_

A R R N

906 AVHSGNG

- \ 091
- _
e e
N 55 5550 dpoqq |~ 011
TR
el —r— vooooﬁ\ o
S
S
01— 7 L s
o
urel(q 1101 ONM: 301N0g
prorys =%V



U.S. Patent Jul. 5, 2016 Sheet 22 of 23 US 9,385,227 B2

= gl )
; z
Q—( ~~




U.S. Patent Jul. 5, 2016 Sheet 23 of 23 US 9,385,227 B2

<—103

= <
| z
2 i} A
[ i %
. o]



US 9,385,227 B2

1
POWER DEVICES, STRUCTURES,
COMPONENTS, AND METHODS USING
LATERAL DRIFT, FIXED NET CHARGE, AND
SHIELD

CROSS-REFERENCE

Priority is claimed from U.S. Application 61/225,009 filed
on Jul. 13, 2009.

Priority is also claimed from commonly owned copending
U.S. application Ser. No. 11/971,152 filed Jan. 8, 2008 and
now published as US 20080164520, and therethrough from
provisional application 60/879,434 filed Jan. 9, 2007.

Priority is also claimed from commonly owned copending
U.S. application Ser. No. 12/432,917, filed Apr. 30, 2009 and
now published as US 2010/0025726, and therethrough from
provisional application 61/084,639 filed Jul. 30, 2008.

Priority is also claimed from commonly owned copending
U.S. application Ser. No. 12/431,005, filed Apr. 28, 2009 and
now published as US 2010/0025763, and therethrough from
provisional applications 61/084,639 and 61/084,639, both
filed Jul. 30, 2008.

Each and every one of these priority applications is hereby
incorporated by reference.

BACKGROUND

The present application relates to lateral power semicon-
ductor devices, and more particularly to lateral power semi-
conductor devices which incorporate fixed or permanent elec-
trostatic net charge.

Note that the points discussed below may reflect the hind-
sight gained from the disclosed inventions, and are not nec-
essarily admitted to be prior art.

Power MOSFETs are widely used as switching devices in
many electronic applications. In order to minimize the con-
duction power loss it is desirable that power MOSFETSs have
alow specific on-resistance (R, or R*A), which is defined as
the product of the on-resistance of the MOSFET multiplied
by the active die area. In general, the on-resistance of a power
MOSFET is dominated by the channel resistance and the drift
region resistances which include the channel resistance,
spreading resistance and the epitaxial layer resistance.

In the parent applications referenced above, and in many
other commonly owned applications, the present inventors
have proposed a variety of new vertical and lateral structures
which improve on-resistance and/or breakdown characteris-
tics by incorporating fixed or permanent charges. FIGS. 1(a)-
1(c), 2(a), and 2(b) show lateral device structures disclosed in
the various parent applications, but it is important to note that
those structures are not prior art against the present applica-
tion, since priority has been claimed back to their disclosures.

SUMMARY

The present application discloses new approaches to lateral
and quasi-lateral device structures, in which a shield elec-
trode is added into a structure which includes immobile net
electrostatic charge.

The disclosed innovations, in various embodiments, pro-
vide one or more of at least the following advantages. How-
ever, not all of these advantages result from every one of the
innovations disclosed, and this list of advantages does not
limit the various claimed inventions.

Reduced gate-drain capacitance;

Reduced Miller charge; and

Faster switching.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

The disclosed inventions will be described with reference
to the accompanying drawings, which show important
sample embodiments of the invention and which are incorpo-
rated in the specification hereof by reference, wherein:

FIGS. 1(a)-1(c), 2(a), and 2(b) show lateral device struc-
tures disclosed in the various parent applications.

FIGS. 3(a)-3(c) together show a first sample embodiment
of a new class of innovative structures.

FIG. 4 shows an embodiment using source metal to form
the shield layer.

FIGS. 5(a)-5(c¢) show another sample embodiment.

FIG. 6 shows another alternative embodiment which
includes a shallow surface layer, doped opposite to the body,
at the surface of the drift region.

FIGS. 7(a)-7(e) show other embodiments which include an
n-type drift layer, a P-type surface layer and shallow dielec-
tric trench.

FIGS. 8(a) and 8(b) show other alternative embodiments
which includes an N-buried layer within the drift region in
FIG. 8(a) and a shallow trench dielectric in FIG. 8(5).

FIGS. 9(a)-9(c) show different SOI embodiments.

FIG. 10 shows another SOI embodiment using trench gate
and shield.

FIGS. 11(a) and 11(5) show other device embodiments, in
which the dielectric-filled trenches are laterally tapered.

DETAILED DESCRIPTION OF SAMPLE
EMBODIMENTS

The numerous innovative teachings of the present applica-
tion will be described with particular reference to presently
preferred embodiments (by way of example, and not of limi-
tation). The present application describes several inventions,
and none of the statements below should be taken as limiting
the claims generally.

Inthe device shown in FIGS. 1(a)-1(¢), permanent positive
electrostatic charges are incorporated in trenches 140 filled
with a dielectric material such as silicon dioxide. This can be
done, for example, by implanting Cesium ions into a thin
layer of oxide before the trench is filled. Optionally, perma-
nent charge can also be incorporated in the device’s surface
dielectric layer. The permanent charge shapes the electric
field at reverse bias and results in a higher breakdown voltage.
In the on-state the permanent charge forms an electron
induced drift region in a power MOSFET by forming an
inversion layer along the interface between the oxide and a
surrounding p-type layer (e.g. a p-type epitaxial or p-well
layer 108, as shown in FIGS. 1() and 1(¢)). By making use of
this new concept, a small cell pitch and high packing density
can be realized to reduce the device’s total on-resistance and
specific on-resistance (Rg,).

Thus in normal operation of the structure of FIGS. 1(a)-1
(¢), a sufficiently positive voltage on gate 130 will invert a
surface portion of the p-type body 160 to create a channel, and
thereby permit electrons to flow from n+ source diffusion 110
through the channel to a portion of p-type epitaxial layer 108
which has been inverted by the fixed charge at a dielectric
interface. These inverted portions will be referred to as
induced drain extensions. The n+ drain 150 may be sur-
rounded by a more lightly doped n-type shallow drain diffu-
sion 152, as shown in FIG. 1(b). Metallization 102 makes
contact to the source diffusion 110 and (through p+ body
contact diffusion 162) to body 160. The dopant concentration
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of'the P epi (or P well) layer 108 can be, for example, in the
range of Sel4 cm™ to 5e17 cm™>. The doping of the P—
substrate can be in the range of 1e14 cm™ to 5e19 cm™.

FIG. 2(a) shows another embodiment with a different
source pattern, which reduces resistance between the p+ body
contact 162 and the body 160. In this embodiment the n+
source diffusion 110 is laid out as an interrupted strip rather
than a continuous strip.

FIG. 2(b) shows another embodiment in which majority
carrier flow through the channel is vertical rather than hori-
zontal. Here the planar gate 130 has been replaced by a trench
gate 132. Note that the shape of p-type body region 160 is
somewhat different in this example.

An important parameter that controls the device switching
power losses, is the total charge associated with charging or
discharging the gate-drain capacitance Cgd. This charge is so
called “Miller charge” Qgd. Therefore, it is important to
reduce Qgd in order to reduce its total power losses. However,
as the cell pitch reduces and the cell density increases, the
associated intrinsic capacitances of the device, such as the
gate-to-drain capacitance (Cgd), also increase. As a conse-
quence, the switching power loss of the device increases.

The present application discloses several different device
structures which improve the switching performance over
prior art devices, and even as compared to the teachings of the
parent applications. FIGS. 3(a), 3(5), and 3(c) show a lateral
power device which is generally similar to that shown in
FIGS. 1(a)-1(c), except that it has an additional conductive
shield layer 311. The source metallization 102, n+ source
diffusion 110, p-type body 160, p+ body contact 162, drift
region 108, shallow drain 152, and deep drain 150 all function
just as in the device of FIGS. 1(a)/1()/1(c). Thus the reduc-
tion in the parasitic Miller capacitance is achieved without
harming device density or performance.

In this example the shield electrode 311 is coplanar with
the gate electrode 130, and is preferably fabricated in the
same process step.

The conductive shield electrode 311 can be floating, or
(more preferably) is electrically shorted to the Source termi-
nal. It can be formed by a polysilicon, polycide, or metal
layer. As a result, the Gate electrode 130 is more electrically
shielded from the drain region than in FIGS. 1(a)/1(5)/1(c),
and the gate-to-drain capacitance Cgd is lowered. Conse-
quently the Miller charge Qgd is lowered, which reduces
switching power losses.

FIG. 4 shows another sample embodiment with the source
metal layer 402 is adapted to also provide some shielding for
the gate electrode. In this example, a recess 407 has been
etched into the thick dielectric 405, to bring the outside edge
of the source metallization down to a level which is within a
“line of sight” from some portion of the gate electrode to at
least some portion of the drain metallization 103. Source
metal 402 thus has a shape which somewhat resembles a
merger of the source metallization 102 of FIG. 1(a) etc. with
the shield electrode 311 of FIGS. 3(a), 3(b), and 3(c). Many
elements in this Figure are similar to those described above,
and those skilled in the art will readily understand that
descriptions of analogous elements in the preceding Figures
apply, with appropriate adjustments, to this Figure too.

FIGS. 5(a)-5(b) show another sample embodiment, with a
source layout which is slightly different from that of FIGS.
1(a)-1(c). Here too the shield electrode 511 can be floating,
but more preferably is electrically shorted to the Source ter-
minal 102. The shield electrode 511 can be formed from
doped polysilicon or other conductive material. As a result,
the Gate terminal 130 is electrically shielded from the drain
region, and the gate-to-drain charge Qgd is lowered. This
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4

reduces switching losses. Many elements in these Figures are
similar to those described above, and those skilled in the art
will readily understand that descriptions of analogous ele-
ments in the preceding Figures apply, with appropriate adjust-
ments, to these Figures too.

FIG. 5(c¢) shows an alternative embodiment which uses a
trench gate 132 and a matching shield electrode 512. Note
that the shield electrode 512, like the trench gate electrode
132, has a vertical cross section which is much greater than its
horizontal cross section. Since the shield electrode 512 is
interposed between the gate electrode and the drain, Cgd is
reduced. (Coupling capacitance will be affected by fringe
fields too, but interposition of an electrode into the line-of-
sight does help reduce coupling capacitance.)

Preferably the shield and gate electrodes are fabricated in
the same kind of process. Optionally, it is contemplated that
these two electrodes can be formed in the SAME process step,
e.g. as sidewall filaments on opposite faces of a trench. Many
elements in this Figure are similar to those described above,
and those skilled in the art will readily understand that
descriptions of analogous elements in the preceding Figures
apply, with appropriate adjustments, to this Figure too.

FIG. 6 shows another alternative embodiment which
includes a shallow layer 620, doped opposite to the body, at
the surface of the drift region 108. In this example, the device
has an n-type surface region 620 between the p-type body 160
and the N+ drain 150. Here too the presence of the shield
electrode 611 helps to reduce gate-drain capacitance, and
hence Miller charge Qgd. Many elements in this Figure are
similar to those described above, and those skilled in the art
will readily understand that descriptions of analogous ele-
ments in the preceding Figures apply, with appropriate adjust-
ments, to this Figure too.

FIGS. 7(a)-7(d) show other embodiments which include an
n-type drift layer and a p-type surface layer. The N-layer 708
in FIGS. 7(a) and 7(b) has uniform doping, e.g. as provided
by an epitaxial layer. Many elements in this Figure are similar
to those described above, and those skilled in the art will
readily understand that descriptions of analogous elements in
the preceding Figures apply, with appropriate adjustments, to
this Figure too.

FIGS. 7(¢) and 7(d) show other embodiments, in which the
N-layer 718 has non-uniform doping and can be formed by
diffusion. Many elements in this Figure are similar to those
described above, and those skilled in the art will readily
understand that descriptions of analogous elements in the
preceding Figures apply, with appropriate adjustments, to this
Figure too.

The embodiment in FIG. 7(d) includes an additional p-bur-
ied layer 719 in the drift region 718. It should be noted that
one or more p-buried layers 719 can be included. It should
also benoted that in FIGS. 7(a)-7(d) the presence of the shield
electrode 711 helps to reduce gate-drain capacitance, and
hence Miller charge Qgd. Many elements in this Figure are
similar to those described above, and those skilled in the art
will readily understand that descriptions of analogous ele-
ments in the preceding Figures apply, with appropriate adjust-
ments, to this Figure too.

FIG. 7(e) shows yet another alternative embodiment,
which is somewhat similar to the device of FIG. 3(b), except
for the use of a diffused N-well 718 and a shallow trench 750.
Trench 750 is filled with dielectric material, and preferably
overlaps the gate electrode 130. This dielectric trench 750
helps to increase the physical distance between the gate elec-
trode 130 and the majority carrier flows which pass beneath
trench 750. This further reduces the gate-drain capacitance
and improves the device reliability. Many elements in this
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Figure are similar to those described above, and those skilled
in the art will readily understand that descriptions of analo-
gous elements in the preceding Figures apply, with appropri-
ate adjustments, to this Figure too.

FIG. 8(a) shows another alternative embodiment which is
generally somewhat similar to those described above, but
includes an n-type buried layer 820 within the drift region
108, between the p-type body 160 and the N+ drain 150. This
buried layer 820 will help to provide charge balance under
reverse-bias conditions. Here too the presence of the shield
electrode 811 helps to reduce gate-drain capacitance, and
hence Miller charge Qgd. Many elements in this Figure are
similar to those described above, and those skilled in the art
will readily understand that descriptions of analogous ele-
ments in the preceding Figures apply, with appropriate adjust-
ments, to this Figure too.

FIG. 8(b) shows another alternative embodiment which
includes a shallow trench 850 filled with dielectric material
and located beneath the gate and the shield electrodes. The
presence of the shallow trench 850 overlapping the gate elec-
trode results in a further reduction in gate-drain capacitance
as well as improved device reliability due to reduction of
surface electric field. Many elements in this Figure are similar
to those described above, and those skilled in the art will
readily understand that descriptions of analogous elements in
the preceding Figures apply, with appropriate adjustments, to
this Figure too.

FIGS. 9(a)-9(c) show other embodiments which are built
in a semiconductor-on-insulator (SOI) structure. These
examples use a planar gate 130 and shield electrode 911. The
gate and shield electrodes are preferably formed at the same
time, in a single thin-film layer. In this example the insulated
substrate 905/906 is a silicon dioxide (905) on silicon (906)
structure, and the active layer 108 is preferably silicon. Here
too the presence of the shield electrode 911 helps to reduce
gate-drain capacitance, and hence Miller charge Qgd. Many
elements in this Figure are similar to those described above,
and those skilled in the art will readily understand that
descriptions of analogous elements in the preceding Figures
apply, with appropriate adjustments, to this Figure too.

FIG. 10 shows another SOI embodiment. Unlike the device
of FIGS. 9(a)-(c), this device uses a trench gate 1012 with a
matching shield electrode 1011. In either case, the gate and
shield electrodes are preferably formed by the same process.
Here too the presence of the shield electrode helps to reduce
gate-drain capacitance, and hence Miller charge Qgd. Many
elements in this Figure are similar to those described above,
and those skilled in the art will readily understand that
descriptions of analogous elements in the preceding Figures
apply, with appropriate adjustments, to this Figure too.

FIG. 11(a) shows another device embodiment, which is
generally somewhat similar to that of FIG. 3(a), except that
the dielectric-filled trenches 140 have been replaced by hori-
zontally tapered dielectric-filled trenches 1140. In the top
view of FIG. 11(a), it can be seen that the trench width is
narrower at the drain side. For a given areal density of fixed
charge along the sidewalls of the trench, this means that the
charge balance ratio varies along the length of the drift region,
with less charge balancing at the drain end of the trenches
1140. Here too the presence of the shield electrode helps to
reduce gate-drain capacitance, and hence Miller charge Qgd.
Many elements in this Figure are similar to those described
above, and those skilled in the art will readily understand that
descriptions of analogous elements in the preceding Figures
apply, with appropriate adjustments, to this Figure too.

FIG. 11(b) is a top view of another lateral device structure,
which is generally similar to that of FIG. 11(a), except that the

10

15

20

25

30

35

40

45

50

55

60

65

6

trenches 1140 have been replaced by trenches 1141 which
have an opposite direction of taper: trenches 1141 are wider at
their drain end. For a given areal density of fixed charge along
the sidewalls of the trench, this means that the charge balance
ratio varies along the length of the drift region, with less
charge balancing at the source end of the trenches 1140. Here
too the presence of the shield electrode helps to reduce gate-
drain capacitance, and hence Miller charge Qgd. Many ele-
ments in this Figure are similar to those described above, and
those skilled in the art will readily understand that descrip-
tions of analogous elements in the preceding Figures apply,
with appropriate adjustments, to this Figure too.

Additionally, further improvement in Qgd can be obtained
by reducing the fringing capacitance in the transition region
between the gate and the Shield Layer. This is realized by
controlling the oxide thickness in the transition zone.

The doping levels needed to achieve high breakdown and
low-resistance are governed by the well known charge bal-
ance condition. The specific electrical characteristics of
devices fabricated using the methods described in this disclo-
sure depend on a number of factors including the thickness of
the layers, their doping levels, the materials being used, the
geometry of the layout, etc. One of ordinary skill in the art
will realize that simulation, experimentation, or a combina-
tion thereof can be used to determine the design parameters
needed to operate as intended.

According to some, but not necessarily all disclosed inven-
tive embodiments, there is provided: A semiconductor device
comprising: a first-conductivity-type source region; a sec-
ond-conductivity-type body region interposed between said
source region and a semiconductor drift region; a gate elec-
trode which is capacitively coupled to controllably invert a
portion of said body region, to controllably form therein a
channel which connects said source region to said drift
region; wherein said drift region is laterally interposed
between said body region and a first-conductivity-type drain
region; permanent charge, embedded in at least one insulating
region which vertically adjoins said drift region, which has a
polarity which tends to deplete a layer of said drift region in
proximity to said insulating region; and a shield electrode,
which is at least partly interposed between said gate electrode
and said drain to reduce capacitive coupling between said
gate and said drain.

According to some, but not necessarily all disclosed inven-
tive embodiments, there is provided: A semiconductor device
comprising: a first-conductivity-type source region; a sec-
ond-conductivity-type body region interposed between said
source region and a semiconductor drift region of said second
conductivity type; a gate electrode which is capacitively
coupled to controllably invert a portion of said body region, to
controllably form therein a channel which connects said
source region to said drift region; wherein said semiconductor
drift region is laterally interposed between said body region
and a first-conductivity-type drain region; immobile positive
net electrostatic charge, capacitively coupled to said drift
region to expel holes from a continuous portion of said drift
region which extends from said channel to a drain diffusion;
and a shield electrode, which is at least partly interposed
between said gate electrode and said drain to reduce capaci-
tive coupling between said gate and said drain.

According to some, but not necessarily all disclosed inven-
tive embodiments, there is provided: A method of operating a
semiconductor device, comprising: in the ON state, applying
a voltage to an insulated gate to thereby invert a portion of a
second-conductivity-type body region interposed between a
first-conductivity-type region and a second-conductivity-
type drift region, and thereby allow passage of majority car-
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riers from said source region through said channel, and
through a portion of said drift region which has been inverted
by immobile permanent net electrostatic charge, to a first-
conductivity-type drain region; and in the OFF state, balanc-
ing the space charge of depleted portions of said drift region
with said net electrostatic charge; and reducing capacitive
coupling by a shield electrode which is interposed between
said gate electrode and said drain.

According to some, but not necessarily all disclosed inven-
tive embodiments, there is provided: Lateral power devices
where immobile electrostatic charge is emplaced in dielectric
material adjoining the drift region. A shield gate is interposed
between the gate electrode and the drain, to reduce the Miller
charge. In some embodiments the gate electrode is a trench
gate, and in such cases the shield electrode too is preferably
vertically extended.

According to some, but not necessarily all disclosed inven-
tive embodiments, there is provided: A semiconductor device
comprising: a first-conductivity-type source region; a sec-
ond-conductivity-type body region interposed between said
source region and a semiconductor drift region of said second
conductivity type; a gate electrode which is capacitively
coupled to controllably invert a portion of said body region, to
controllably form therein a channel which connects said
source region to said drift region; wherein said semiconductor
drift region is laterally interposed between said body region
and a first-conductivity-type drain region; and an insulated
trench which laterally adjoins said drift region, and which
contains immobile net electrostatic charge which is capaci-
tively coupled to said drift region, and which is laterally
tapered.

According to some, but not necessarily all disclosed inven-
tive embodiments, there is provided: A semiconductor device
comprising: a first-conductivity-type source region; a sec-
ond-conductivity-type body region interposed between said
source region and a semiconductor drift region; and a gate
electrode which is capacitively coupled to controllably invert
a portion of said body region, to controllably form therein a
channel which connects said source region to said drift
region; wherein said drift region is laterally interposed
between said body region and a first-conductivity-type drain
region; permanent charge, which is embedded in at least one
insulating region which adjoins said drift region, and which
has a polarity which tends to deplete a layer of said drift
region in proximity to said insulating region; a shield elec-
trode, which is at least partly interposed between said gate
electrode and said drain to reduce capacitive coupling
between said gate and said drain; and a dielectric-filled trench
within said drift region, which lies at least partly beneath said
gate electrode.

MODIFICATIONS AND VARIATIONS

As will be recognized by those skilled in the art, the inno-
vative concepts described in the present application can be
modified and varied over a tremendous range of applications,
and accordingly the scope of patented subject matter is not
limited by any of the specific exemplary teachings given. Itis
intended to embrace all such alternatives, modifications and
variations that fall within the spirit and broad scope of the
appended claims.

While the figures shown in this disclosure are qualitatively
correct, the geometries used in practice may differ and should
not be considered a limitation in anyway. It is understood by
those of ordinary skill in the art that the actual cell layout will
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vary depending on the specifics of the implementation and
any depictions illustrated herein should not be considered a
limitation in any way.

While only n-channel MOSFETs are shown here, p-chan-
nel MOSFETs are realizable with this invention simply by
changing the polarity of the permanent charge and swapping
n-type and p-type regions in any of the figures. This is well
known by those of ordinary skill in the art.

This invention is also applicable to the case of correspond-
ing structures that use negative permanent charge and replac-
ing the P region between the p-body and drain regions with an
N-region. Permanent negative charge can be created for
example by using different dielectric layers such as silicon
dioxide and Aluminum Oxide.

It is understood that the permanent charge can be in the
dielectric (oxide), at the interface between the silicon and
oxide, inside the silicon layer or a combination of all these
cases.

It is also understood that numerous combinations of the
above embodiments can be realized.

It is understood by those of ordinary skill in the art that
other variations to the above embodiments can be realized
using other known termination techniques.

None of the description in the present application should be
read as implying that any particular element, step, or function
is an essential element which must be included in the claim
scope: THE SCOPE OF PATENTED SUBJECT MATTER IS
DEFINED ONLY BY THE ALLOWED CLAIMS. More-
over, none of these claims are intended to invoke paragraph
six 0f 35 USC section 112 unless the exact words “means for”
are followed by a participle.

The claims as filed are intended to be as comprehensive as
possible, and NO subject matter is intentionally relinquished,
dedicated, or abandoned.

What is claimed is:

1. A semiconductor device comprising:

a first-conductivity-type source region;

a second-conductivity-type body region interposed
between said source region and a semiconductor drift
region;

a gate electrode which is capacitively coupled to control-
lably invert a portion of said body region, to controllably
form therein a channel which connects said source
region to said drift region;

wherein said drift region is laterally interposed between
said body region and a first-conductivity-type drain
region;

permanent charge, which is embedded in at least one insu-
lating region which adjoins said drift region, and which
has a polarity which tends to deplete a layer of said drift
region in proximity to said insulating region;

a shield electrode, which is at least partly interposed
between said gate electrode and said drain to reduce
capacitive coupling between said gate and said drain;
and

a dielectric-filled trench within said drift region, which lies
at least partly beneath said gate electrode;

wherein said drift region is formed as a well.

2. The semiconductor device of claim 1, further comprising
a buried region within said drift region.

3. The semiconductor device of claim 1, wherein said chan-
nel and said drift region both carry current flow in a predomi-
nantly horizontal plane.

4. The semiconductor device of claim 1, wherein said chan-
nel lies in a plane which is predominantly normal to the plane
of current flow in said drift region.
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5. The semiconductor device of claim 1, wherein said chan-
nel lies in a plane which is predominantly normal to the
surface of a semiconductor die, and said drift region carries
current flow which is predominantly parallel to said surface.

6. The semiconductor device of claim 1, wherein said gate
electrode and said shield electrode are both predominantly
planar.

7. The semiconductor device of claim 1, wherein said gate
electrode and said shield electrode both have a minimum
width which is less than a respective maximum vertical thick-
ness thereof.

8. The semiconductor device of claim 1, wherein said gate
electrode and said shield electrode both lie in the same plane
of metallization.

9. The semiconductor device of claim 1, wherein said
shield electrode is connected to a fixed potential, but said gate
electrode is not.

10. The semiconductor device of claim 1, wherein said drift
region is part of a semiconductor-on-insulator structure.

11. A semiconductor device comprising:

a first-conductivity-type source region;

a second-conductivity-type body region interposed
between said source region and a semiconductor drift
region of said second conductivity type;

a gate electrode which is capacitively coupled to control-
lably invert a portion of said body region, to controllably
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form therein a channel which connects said source

region to said drift region; wherein said semiconductor

drift region is laterally interposed between said body

region and a first-conductivity-type drain region; and
an insulated trench

which laterally adjoins said drift region, and

which contains immobile net electrostatic charge which

is capacitively coupled to said drift region, and

which is laterally tapered.

12. The semiconductor device of claim 11, wherein said
charge is positive, and said first conductivity type is n-type.

13. The semiconductor device of claim 11, further com-
prising a shield electrode which is not electrically connected
to said gate electrode, and which at least partially overlies said
drift region.

14. The semiconductor device of claim 11, wherein said
insulated trench is wider near said drain region than near said
source region.

15. The semiconductor device of claim 11, wherein said
insulated trench is wider near said source region than near
said drain region.

16. The semiconductor device of claim 11, wherein said
first conductivity type is n-type.
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